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ABSTRACT
MECHANICS OF BIOCELL LANDFILL SETTLEMENTS
by
Chamil Hiroshan Hettiarachchi
Prediction of landfill gas generation and settlements are of concerns in design and
maintenance of biocell landfills. Accurate settlement prediction is essential for design of
piping systems used for the delivery of re-circulated leachate and recovery of landfill gas.
Landfill settlement is the result of change in overburden stresses and biodegradation of
waste. Biodegradation-induced settlement results from the re-arrangement of waste
skeleton in response to the decomposition of waste mass.
Current practice of landfill settlement modeling is predominantly empirical, thus
most of the available techniques make no attempt to simulate the real mechanisms of
waste settlement. Traditionally compressibility index is defined similar to that of clays,
to explain the general settlement behavior of waste. Although a landfill is an interacting
multiphase medium there is limited research to explain landfill gas generation and
dissipation and moisture distribution as integral parts of the process of landfill
settlements.
This dissertation describes a model which couples settlements of a biocell landfill
with the generation and dissipation of landfill gases and distribution of moisture. The
major mechanisms of waste settlement were identified as mechanical compression and
biodegradation-induced strain. Mechanical compression was modeled with the help of
laboratory simulations. To model the biodegradation-induced settlement, it was assumed
that waste degradation obeys the first order reaction kinetics. The mass balance of the
landfill gas was used to link settlement with gas pressure. The Richards equation was
used to simulate the distribution of moisture.
A computer program was written to numerically predict the settlements, gas
pressure and volumetric moisture content in a biocell landfill using landfill geometry and
waste properties. In the absence of a complete set of data, settlement and gas pressure
components of the model were validated using data from two different landfills.
The model was then used to predict the settlement behavior of The City of
Calgary Biocell Landfill. The model predicted higher strain values, when moisture as
well as gas pressure were incorporated in to the simulation. Therefore, it was concluded
that modeling settlement without taking gas pressure and moisture in to account, could
underestimate the total settlement. The model was capable of predicting landfill density,
and the density values predicted for twenty five years matched with those reported in
literature.
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Recent advances in sanitary landfill research have indicated that the operation of landfills
as bioreactors could be viable. Waste entombment in a conventional landfill slows down
the process of biodegradation by minimizing moisture entry, whereas, bioreactors speed
up the biodegradation process by controlled input of moisture (i.e. by leachate
recirculation) and increased cycling of nutrients and bacterial populations (Reinhart and
Townsend, 1998). The operation of traditional "entombed" landfills for the sole purpose
of controlling groundwater contamination is not sustainable and could be
counterproductive because of the slow production and atmospheric release of methane-
rich landfill gas, and the loss of resources (e.g. material and space).
Being a relatively new technological innovation, full-scale operation of bioreactor
landfills could be fraught with uncertainties. Therefore, the need for more fundamental
and applied research has been recognized.
A novel concept formulated by University of Calgary researchers is "sustainable
landfill biocell." The biocell landfill concept involves the operation of a landfill cell as
an anaerobic bioreactor with leachate recirculation to recover the full energy potential of
biomass waste. In a second stage, it is operated in the aerobic mode to produce compost.
The input of air and operation of the cell as an aerobic bioreactor enhances waste
decomposition to a level where it could be mined in a third stage for resource and space
recovery, thus making the landfill operation sustainable. The biocell landfill is a novel
and holistic approach to waste disposal on land; with energy recovery, landfill gas
1
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emission control, groundwater contamination control, and compost and space recovery as
direct benefits. The biocell landfill technology approach has the potential to
revolutionize management of waste in both developed and developing countries.
Although the biocell landfill is an attractive alternative to conventional
landfilling, a number of technical obstacles could prevent its adoption. The satisfactory
resolution of one such issue is the focus of this research. This research is undertaken to
address the issues associated with waste settlement in a biocell landfill when it is
operated in its first phase as an anaerobic bioreactor landfill. This research investigates
how the generation and dissipation of landfill gas pressure and the distribution of
moisture affect waste settlement in a biocell landfill.
Enhancement of microbiological activities in a bioreactor landfill is achieved by
recirculating the leachate collected. Recirculation of leachate helps the landfill to
maintain a wet environment in addition to the supply of nutrients needed for the
biodegradation.
In a biocell landfill, gas production is accelerated because of rapid waste
decomposition making them different from conventional 'dry-tomb' landfills. Waste
begins to show a high compressibility. This causes significant changes in waste
properties that can be manifested as modified stability and settlement behavior.
1.2 Problem Definition
Settlement prediction is important for proper design and operation of a biocell landfill.
Accurate prediction of settlement is of special importance in estimating air space,
planning construction sequence, designing both intermediate and final covers as well as
3
planning for expansions. Accurate prediction is also essential for design of piping
systems used for the delivery of recirculated leachate and collection of landfill gas.
Though majority of settlement is caused by the decomposition of municipal solid waste
over period of years considerable amount of settlement also takes place during the initial
construction stage, which is usually unnoticeable as it happens through the stages of
construction. A comprehensive model for settlement analysis of a bioreactor landfill
should be able to demonstrate not only the settlements due to biodegradation but also the
settlements that occur due to mechanical compression in the initial construction stage.
To calculate landfill settlement many landfill settlement models employ methods
that take into consideration the entire landfill thickness. They typically consider
settlement after closure; therefore, no allowance could be made for settlement during
construction, or the rate of construction. The use of entire landfill depth to calculate
settlement, does not allow for the calculation of strains at different depths, and requires
that values of the model's parameters be a function of the thickness of the landfill
(Bleiker et al. 1995).
In general, any landfill, and especially a biocell landfill, consists of interacting
multiphase media (gas, liquid, and solid), with each phase exhibiting spatial and temporal
variations. But the existing waste settlement models focus mainly on the compressibility
of the solid phase of waste (El-Fadel and Khoury, 2000). In reality settlement of the
solids phase depends on contribution from all three phases. Many mathematical models
are available to evaluate the processes of biodegradation, generation and transport of
gaseous products and distribution of moisture within a landfill. But none of them
consider the contribution from settlement on those processes. On the other hand, the
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models that are being used today for predicting settlement behavior often do not capture
the importance of liquid and gas phases.
1.3 Research Objectives
The primary objectives of the current research are:
• To identify the primary mechanisms governing the process of waste settlement
and to propose a basic framework to use these mechanisms to predict the
settlement behavior of a biocell landfill
• To derive a general governing equation to describe the process of landfill gas
pressure generation and dissipation incorporated with the settlement process
• To couple the process of distribution of moisture in a biocell landfill with the
processes of settlements and generation and dissipation of landfill gas
• To determine the compressibility of fresh waste and its variation with waste
degradation, for the accurate prediction of mechanical compression
• To establish a procedure to numerically solve the governing equations of the
coupled system, and
• To predict the spatial and temporal variation of total settlements, gas pressure




This chapter provides a review of literature in the field of landfill settlement modeling.
First few sections provide a detailed general discussion of landfill waste settlement
mechanisms and widely used computational methods. Latter part of this chapter is
devoted to literature pertaining to biocell landfills. Literature on important aspects of
generation and dissipation of landfill gas and distribution of moisture within a landfill is
also briefly discussed.
2.2 Settlement Behavior of Landfills
Accurate prediction of landfill settlement is a challenge because of the large number of
variables involved in the settlement process. Type of waste, organic content, moisture
content, compaction density, compressibility, level of nutrients available for biological
activities, pH, temperature, and time since placement are some of them. The rate of
settlement varies not only with time but also with depth. This variation is due to a
number of factors, which include the increased strain in the waste layers due to the
weight of the overlying layers (Bleiker et al. 1995). The waste at the bottom of a landfill
compacts both immediately upon placement and over time as landfilling operation
progresses. This results in a much greater waste density at the bottom compared to the
waste at the top of the landfill.
5
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2.2.1 Mechanisms of Waste Settlement
The mechanisms of waste settlement are many and complex due to extreme heterogeneity
and large voids present in the landfill. The main mechanisms involved in waste
settlement, as identified by Sowers (1973) and Edil et al. (1990) are listed below:
• Mechanical (distortion, bending, crushing, and re-orientation; similar to
consolidation of organic soils)
• Ravelling (movement of fines into larger voids)
• Physico-chemical change (corrosion, oxidation, and combustion)
• Bio-chemical decomposition (fermentation and decay; both aerobic and
anaerobic processes)
The majority of immediate settlement is caused by mechanical processes (Bleiker
et al. 1995). Sowers (1973) estimated that these processes are completed within one
month from the date of placement of waste. The last two mechanisms cause the majority
of the long-term settlements. Decay of mass also causes a reduction in waste mass,
leading to a decrease in the overburden stress. El-Fadel and Khoury (2000) reported that
the interactions between these mechanisms may cause further subsidence. Combustion
supported by generation of methane and heat released from decay and raveling triggered
by decomposition are some examples. Edil et al. (1990) further identified the following
factors affecting the magnitude of landfill settlement.
• Initial waste density or void ratio




• Leachate level and fluctuations
• Environmental factors such as moisture content, temperature, and gas
production
Settlement of waste is characteristically irregular (Edil et al. 1990); initially, there
is a large settlement within one or two months after construction, followed by a
substantial amount of secondary compression over an extended period of time. The
magnitude of settlement rate decreases with time and with increasing depth below the
surface of the fill.
Not only stress history but also the load increment ratio influences settlement.
This was studied during the construction of an interstate highway (Oweis and Khera,
1998), where part of an old landfill was excavated prior to surcharging. About 5-7%
settlement occurred due to the stress increase from the surcharge load, which was less
than the stress before the excavation. Whereas, when the surcharge stress was over 40%
above the pre-excavation stress, the settlement ranged from 11.4-16.8% (Sheurs and
Khera, 1980).
2.2.2 Stages of Landfill Settlement
El-Fadel and Khoury (2000) identified three stages of settlement: initial compression;
primary compression; secondary compression. They defined initial compression and
primary compression similar to how they are defined in consolidation settlement in clay:
initial compression as the settlement that occurs instantaneously when an external load is
applied, which is generally associated with the immediate compression of the void space
and particles due to superimposed loads and primary compression as the process of
dissipation of pore water and gas from the void spaces. According to Sowers (1973) and
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Edil et al. (1990), this dissipation occurs within 30 days after the placement of the load.
The field measured data at several locations show that about 70-80% of the settlement
took place within the first three months (Sheurs and Khera, 1980). However,
applicability of these definitions in waste settlement is debatable. In reality initial
compression is hard to distinguish from primary compression and landfills are seldom
saturated and high porosity of waste may inhibit pore pressure buildups.
The settlement of a landfill continues after the primary compression. Sowers
(1973) attributed the long-term settlement of waste to secondary compression caused by
decaying mass within the landfill, as a result of the physicochemical and biochemical
decomposition, which continues until the waste is fully stabilized.
2.3 Modeling Landfill Settlements
Sowers (1973) documented the similarity of waste settlement to that of peat, with large
initial consolidation followed by substantial secondary compression. Edil et al. (1990)
confirmed that solid waste compressibility properties were rather close to those of
organic soils. Therefore, concepts borrowed from soil mechanics is often used to model
settlements in solid waste landfills. However, landfill waste is heterogeneous and
anisotropic and hence more difficult to characterize than soils.
Current practice of landfill settlement modeling is rather empirical and usually
based on measured laboratory and field parameters. El-Fadel and Khoury (2000)
classified the existing models into four broad categories: soil-mechanics based models;
rheological models; empirical models; and models accounting for the effect of decay on
settlement.
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2.3.1 Soil Mechanics Approaches
The time dependent stress-stain relationship in waste is first documented by Sowers
(1973). The pattern of rapid settlement followed by a slower and declining settlement
rate has driven researchers to develop several mathematical models based on theory of
consolidation to simulate settlement behavior in waste. Sowers (1973), Rao et al. (1977),
Oweis and Khera (1986), Morris and Woods (1990), and Edil et al. (1990) used primary
and secondary compression models to describe the stress-strain-time relationship in
waste. The general form of the equation is given below.
Where, S (m) is the settlement due to primary and secondary compression
occurring in the layer under consideration, H (m) is the initial thickness of the waste
layer, C: is the primary compression ratio, Cal is the secondary compression index, Po
(N/m2) is the existing overburden pressure acting at the mid level of the layer, and 6P
(N1m2 ) is the increment of overburden pressure at the mid level of the layer under
consideration from the construction of an additional layer (100% of pressure increase at
the top new layer is assumed to be transferred to the layer under consideration), t 1 (day)
and t 2 (day) are the starting and ending time periods for which long-term settlement of
the layer is desired.
Bjarngard and Edgers (1990) compiled landfill data and proposed an extension to
Equation 2.1(a) as:
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Where, Cal and Cat are defined as intermediate and long-term secondary
compression ratios, respectively, t 1 (day) and t 2 (day) are the time for completion of
initial, primary compressions, respectively, and t3 (day) is the total period of time
considered in modeling.
Bleiker et al. (1995) compared soil mechanics based waste settlement models.
Most of the soil mechanics approaches used the models to calculate landfill settlement of
the entire waste thickness after closure. By starting after closure, no allowance was made
for settlement during construction, or the rate of construction. The use of the entire depth
to calculate settlement does not allow for the calculation of strains at different depths, and
requires that values of the model's parameters be a function of the thickness of the
landfill. Morris and Woods (1990) proposed a mathematical model to calculate the
settlement of different layers within the waste.
2.3.2 Rheological Models
Rheological models consist of elements such as springs, dashpots, and sliders.
Composite models are constructed from these basic elements to describe creep behavior.
A simple rheological model that has been widely reported in the literature is Gibson and
Lo model. Previous research has shown that this model was useful in predicting the
settlement of peat, which in turn is assumed to have compressibility characteristics
similar to those of solid waste (Edil et al. 1990). Rao et al. (1977), Edil et al. (1990), and
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Bleiker et al. (1995) used Gibson and Lo type of rheological models to describe the waste
stress-strain-time relationship.
Figure 2.1 shows the physical rheological model, which is often used for
settlement computations. The waste will settle immediately due to an applied load with
strain in Hookean element 'a' and eventually, the waste skeleton supporting the load will
creep, rearrange, and settle at a rate 'k' with additional strain in Hookean element 'b'.
This physical model is represented by Equation 2.2, where, e(t) is the strain as a function
of time and Ai-' (N1m2) is the effective vertical stress.
Figure 2.1 Schematic diagram of the Gibson and Lo rheological model.
12
Bleiker et al. (1995) used a graphical method and data published by Rao et al.
(1977) to find a and b parameters. Although Rao et al. (1977) used simulated waste
under laboratory conditions, their data adequately illustrated the trend and the work of
Edil et al. (1990). Because of the non-linear relationship of a and b with effective stress,
and the variation of effective stress, in soils with depth, the model is only accurate over a
given stress ranges and waste thicknesses from which the parameters were determined.
2.3.3 Empirical Models
Practicing engineers prefer empirical relationships because of the complexity and
difficulty of applying other types of models. The attempts to simulate general waste
behavior by adjusting the empirical parameters, which are site specific, seldom have a
physical significance (El-Fadel and Khoury, 2000). Commonly employed mathematical
functions in such attempts are the logarithmic function, the power function, and the
hyperbolic function. They are briefly discussed below.
Yen and Scanlon (1975) analyzed the settlement data from three waste landfills,
30 m high, with the data recorded over 9 years. They calculated the settlement rates as
the ratio of change in elevation of settlement platforms to elapsed time between surveys.
The strain rate (was determined and approximated using the following logarithmic
relationship.
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Where, S (m) is settlement, Ho (m) is the initial height of the municipal solid
waste (MS W) landfill, E' (1 /day) is the strain rate, t (day) time duration of interest, and
c and d are strain rate parameters (1/day), respectively.
Power Creep Law has been used (Edil et al. 1990; Kumar, 2000) to relate
settlement rate with time. This relationship can be written as:
Where, t (day) is the difference between the time of interest and the starting time
of measurements, p and q are empirical constants. Ling et al. (1998) presented Equation
2.5 as the solution for Equation 2.4.
In order to predict the long-term settlement of landfills, Ling et al. (1998) applied
a hyperbolic function (Equation 2.6) to analyze settlement data obtained from three
landfill sites.
Where, S'o (mlday) is the initial rate of settlement, t (day) is the time duration of
interest, and Sint (m) is the ultimate settlement. The parameters S i", and Sul, may be
determined by transforming the above equation through t/ S versus t relationship and
conducting a linear regression analysis.
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It is likely that the final settlement will be between 80-95% of this ultimate value.
The time taken to reach 95% of this ultimate value is calculated as if =19(Su1  / Ko
Hyperbolic function offers the flexibility for it to start at any time. It is particularly
useful if there is a change in loading conditions such as waste surcharging, so that the
analysis may be restarted.
2.3.4 Biodegradation-induced Settlement Models
A large portion of total settlement may be caused by biodegradation, which occurs over a
long period of time. Recent efforts reported mathematical expressions incorporating the
effect of biological decay on settlement (Edgers et al. 1992; Park and Lee, 1997; Kang et
al. 1997; Oweis and Khera, 1998). The basic assumption underlying these expressions is
that the settlement is directly proportional to the biodegradation. The settlement due to
biodegradation is usually expressed in terms of first order kinetics. A generalized form
of the equation that has been proposed to convert decay to settlement is given in Equation
2.7 where, Sat) is the settlement (m) at time t , Ho is the initial height of waste (m), total
is the total expected strain, A, (1/day) is the first order kinetic constant, and t (day) is the
time since the start of decay.
These biodegradation-induced models require determination of bacterial
degradation expressions with their respective kinetic coefficients. More reliable
expressions incorporating hydrolysis reactions for different types of bacteria and different
types of waste components have also been proposed (El-Fadel and Khoury, 2000).
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2.4 Comparison of Settlement Models
Edil et al. (1990) presented a comparison between Gibson and Lo rheological model and
power creep model. Data from four sites were used in the study. The data obtained
during the first year was used to predict the amount of settlement that could be expected
at the end of the data collection period, which was about two years. Table 2.1 shows a
comparison of the results obtained using both methods for one site.
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This landfill site is located in southeastern Wisconsin. The settlement data was
collected using settlement platforms surveyed periodically from 1984 to 1986. The data
collection at this site was continued for approximately 1.8 years. Two types of loading
conditions were considered in the study. First category, "minimal filling," represents a
condition of settlement under essentially self-weight. The second category, "active
filling," represents a condition of settlement under both self-weight and the placement of
additional fills above the platforms.
The Gibson and Lo rheological model predicted the amount of settlement at the
end of two years within 2-18% of actual settlement that occurred for minimal filling and
4-21% for active filling. The power creep law predictions for the same conditions were
0-6% and 0-14%, respectively. It seems that power creep law preformed better than
Gibson and Lo model, which has a physical meaning and can reflect the effects of waste
placement conditions.
While introducing the parabolic model, Ling et al. (1998) also compared their
results with the results obtained from the power creep law and logarithmic function. The
conventional settlement rate-time relationships ( log t and power functions) did not lead to
satisfactory agreement when the settlement was integrated using the best fit parameters.
The hyperbolic function gave improved prediction of long-term settlement over log t and
power functions.
In an effort to examine the decomposition effect on prediction of long-term
settlement of landfills, Park et al. (2002) performed settlement calculations for seven sites
in which the age of waste was young. Four of the sites (A-D) showed the characteristics
of accelerated logarithmic compression rates during the measurement period; the other
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three sites (E-G) did not include these characteristics. In their study, the long-term
settlement was defined as the calculated settlement from the time of first measurements
to 30 years is shown in Table 2.2. In the cases of sites A-D, the upper values were
calculated from the overall measurements, which included the stage of accelerated
compression. The values in parentheses were calculated using the settlement data
measured before the accelerated compression occurred. For sites A-D, the estimated
long-term settlements predicted by the rheological model (Gibson and Lo), the hyperbolic
function, and the logarithmic function are much larger when the accelerated compression
rate occurs due to decomposition. The power creep law seemed overestimating
considerably.
In the case of sites E, F and G, the predicted long-term settlements by most of the
models, excluding the power creep law, were 2-9% of the initial height of the landfill.
The values are very similar to those calculated on the basis of the settlement data
measured for sites A-D before the accelerated compression due to decomposition
occurred. The settlement values seem smaller with respect to long-term settlements that
are likely to occur in fresh landfills.
Table 2.2 Comparison of 30 Year Strains Predicted by Gibson and Lo, Hyperbolic,
Logarithmic, and Power Creep Settlement Models
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Source: Park et al. (2002)
Note: The values in parentheses were calculated using the settlement data measured before the
accelerated compression occurred.
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2.5 Modeling Biocell Landfill Settlements
Only a few studies of modeling settlement behavior of landfills similar to biocell landfills
are found in the literature. These attempts are also limited to either laboratory or small
pilot scale landfills. Some of these models used in these studies are actually adjusted
versions of the traditional models that have been originally proposed for the dry landfills.
They are briefly discussed in the following sections.
2.5.1 Wall and Zeiss (1995)
To predict the settlement of waste with leachate recirculation, Wall and Zeiss (1995)
applied the secondary compression model, which was originally proposed by Sowers
(1973) for long-term waste settlement predictions in sanitary landfills. They assumed a
linear time dependent settlement behavior with respect to a logarithmic time where the
variation of strain with time is given by Equation 2.8.
Where, 6 is the strain, C 1 is the slope of the strain versus log-time curve and Sp
(day) is the time taken for the primary compression to end. Following many other
previous researches (Sowers, 1973; Morris and Woods, 1990; and Edil et al. 1990) they
used 30 days for ty .
Wall and Zeiss (1995) studied the reduction in time taken to reach biological
stabilization of waste and determination of effects of biodegradation on settlement. The
study included a test cell (1.7 m in height and 0.57 m diameter), that was monitored for
250 days (8 months). They observed that during the first period of secondary settlement,
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biodegradation had insignificant contribution on the secondary settlement rates. To
determine whether an effect of solids removal on settlement is probable, the percentage
of carbon decomposed during the test period (250 days) and estimated five-year
predictions were compared to each other. The total mass of solids decomposed during
the test period was 1% whereas the secondary settlement at the same period accounted for
deformation of 4%. Wall and Zeiss (1995) concluded that decomposition did not
significantly affect the rate of secondary settlement during the test period.
2.5.2 El-Fadel and Al-Rashed (1998b)
El Fadel and Al-Rashed (1998b) used power creep model and one-dimensional
consolidation model to analyze data from the Mountain View bioreactor test cells in
California in which leachate recirculation was one of the test parameters. El-Fadel and
Al-Rashed (1998b) attributed settlement that occurs after initial settlement to secondary
settlements. The two slopes observed when strain values were plotted against
logarithmic time, were defined as intermediate secondary compression and long-term
secondary compression. Based on this observation El-Fadel and Al-Rashed (1998b)
suggested the following two equations to represent the time dependent settlement
behavior in waste.
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Where, C 1 is the coefficient of intermediate secondary compression, C2 is the
coefficient of long-term secondary compression, and t, (day) is the time at the end of
initial settlement period, and t 2 (day) is the time at which the slope of the strain versus
logarithm time curve changes to a steeper slope and it has to be determined graphically
from the field data.
The secondary settlement model proposed by El-Fadel and Al-Rashed (1998b)
defines a better settlement curve when compared with that of Wall and Zeiss (1995) due
to the adoption of two slopes. When time reaches t 2 , the first mechanism of waste
settlement given by Equation 2.9 suddenly stops and then starts a new mechanism
(Equation 2.10). But this sudden change in mechanism is not justified and hence the
model gives an impression of mere fitting of data to two lines. The selection of the time
at which the slope of the curve changes ( t 2 ) is also highly subjective.
El-Fadel and Al-Rashed (1998b) also used the power creep model to analyze the
same set of data but they were unable to obtain satisfactory results.
2.5.3 Conceptual Model Proposed by Gabr et al. (2000)
Gabr et al. (2000) identified two stages of decomposition and proposed a conceptual two-
stage model to model the settlement behavior of a biocell landfill. This approach is
briefly explained below.
During early stage of biological decomposition, compressibility of the waste does
not conform to the traditional Terzaghi's model. The compressibility of waste during this
period is governed by changes in the void ratio due to solids loss, and the material
physical size and stiffness with no consideration to hydrodynamic lag effect.
22
Concurrent to the change in void ratio due to decomposition, a physical change in
the particle size and distribution also takes place. Therefore, assuming the amount of
compression due to the increase in void ratio as well as the compressibility of solids is
governed by the matrix stiffness changes under its own weight and external loads, they
suggested the Equation 2.11 to calculate the change in volume.
Where, V is the initial volume (m3), A Ks (t) is the inter-particle volumetric
change with time (m3), AV,(t) is the intra-particle volumetric change with time (m 3),
Cm (t) is the time-dependent bulk coefficient of compressibility, Ao-„,, (N1m2 ) is the
increase in the octagonal normal stress, A roc, (N/m2 ) is the increase in the octagonal
shear stress, and Dm (t) is the time dependent coefficient of the increase in the octagonal
shear stress.
As decomposition takes place, the material breakdown may lead to increase in the
surface area of the solid matrix. During these stages, the reduction in hydraulic
conductivity to 10 -7 m/s or less. Considering this fact they suggested implementation of
such Terzaghi's model with primary and secondary settlement, for the later stage of
decomposition.
Gabr et al. (2000) suggested subdividing the fill into several layers to avoid the
complications and to address the changes of the waste properties with depth. Settlement
due to the bottom layer can be calculated considering them to be in the second stage of
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decomposition, while the settlements from the upper layers are found using the Equation
2.11.
2.5.4 Hettiarachchi et al. (2003)
As the reduction in waste mass should be reflected by increased settlement, in an attempt
to estimate long-term settlement of waste, Hettiarachchi et al. (2003) used first order
reaction kinetics to relate the rate of waste decay to the rate of strain. They used the
Equation 2.21 to predict the settlement behavior in a biocell landfill.
Where, t (day) is the time since placement, eat) is the strain at time t , Eon is the
initial strain, 13 is the correlation coefficient of compression due to biodegradation
(kg - ') , C, is the initial mass of the biodegradable waste (kg), and 2 (1/day) is the first
order decay constant.
Hettiarachchi et al. (2003) compared the performance of their model with those
proposed by Wall and Zeiss (1995) and El-Fadel and Al-Rashed (1998b). Data from four
different test bifocal landfills were analyzed using all three models to predict the time
dependent settlements. These settlement profiles are given in Figure 2.2.
Figure 2.2 Settlement data.
Source of data: Edmonton (Wall and Zeiss, 1995), Korea (Kang et al. 1997), Mountain View bioreactor
landfill (El-Fadel and Al-Rashed, 1998a), and Yolo County bioreactor landfill (Yazdani, 2003).
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It was found that the Equation 2.12 used by Hetiarachchi et al. (2003) could
provide a better prediction than both Wall and Zeiss (1995) and El-Fadel and Al-Rashed
(1998b) models. Comparison of Hetiarachchi et al. (2003) and El-Fadel and Al-Rashed
(1998b) models is provided by Figures 2.3 through 2.6. Features such as its direct
relationship to biodegradation, prediction of settlement by a single equation made this
attempt more attractive.
Figure 2.3 Model comparisons for data from Edmonton (Wall and Zeiss, 1995).
Figure 2.5 Model comparisons for data from Mountain View bioreactor landfill (El-
Fadel and Al-Rashed, 1998b).
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Figure 2.6 Model comparisons for data from Yolo County (Yazdani, 2003).
2.5.5 Conceptual Model Proposed by Hettiarachchi et al. (2005)
A conceptual model was proposed by Hettiarachchi et al. (2005) to predict settlement
behavior of biocell landfills. They identified mechanical compression and
biodegradation-induced strain as major mechanisms of waste settlement. In the absence
of a proper theoretical explanation, they suggested mechanical compression to be
modeled with the help of laboratory simulations. To model the settlements due to
biodegradation, waste was assumed to obey the first order reaction kinetics. Therefore,
this procedure allowed settlements due to mechanical reasons to be separated from that of
biodegradation. The basic equations to calculate mechanical compression ae m ) and
biodegradation induced settlements ae l) ) were defined as:
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Where, C * is the compressibility parameter, a. ' (N/m2 ) is the effective stress and
gas' (N/m2) is the difference in effective stress, n, w j , and kw  are the initial landfill
porosity, gravirnetric water content, and the density of water, respectively, Gs, and GSA
are the initial overall specific gravity of waste solids and specific gravity of the n th group
of the waste solids, respectively, Al (1/day) is the first order kinetic constant for the itch
group, and fsl is the initial solids fraction for each waste group.
A computational framework was also proposed to numerically predict the
settlements using time dependent waste properties and landfill geometry. Even though
this model demonstrated a few promising features over other available settlement models,
lack of verification by field data prohibits a detailed discussion.
2.5.6 Hossain and Gabr (2005)
Hossain et al. (2005) proposed a settlement prediction model for biocell landfills. The
model accounts for the changes in the waste characteristics as a function of the waste
degradation rate. Their approach was based on evaluating the variation of waste stiffness
as a function of time and the variation of waste decomposition with depth. The model
consists of four components: initial strain; initial creep; biodegradation strain; final creep.
The Equation 2.14 was suggested for the total strain computations.
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Where, 6, is the initial strain due to applied stress. C. was defined as a creep
index for the initial stage and it is a function of stress and degree of decomposition. C b
was defined as biodegradation index, which is a function of the extent of the solids
decomposition as well as the degree of saturation. C afe was considered as a creep index
for the final stage. ti (day) is the time for completion of initial compression, t 2 (day) is
the time duration for which creep compression is to be evaluated, and t3 (day) is the time
for completion of biological compression. Time factor t 4 was defined as the time for
creep at the end of the completion of biodegradation.
This settlement model was verified using the model parameters obtained from
laboratory experiments. They conducted 24 pedometer tests on shredded waste to
measure compression indices. The time factors for the compressibility were determined
from the gas production curve and field settlement data. They found that the initial creep
index is independent of waste decomposition. Primary compression and finial creep
strain components were not considered in the analysis. Therefore, the tested version of
the model is deduced to the equations used by El-Fadel and Al-Rashed (1998b).
However, the relationship of the model parameters to the waste properties and the gas
production makes this model superior to the equations used by El-Fadel and Al-Rashed
(1998b).
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2.6 Generation and Transport of Landfill Gas and Distribution
of Moisture within a Landfill
Existing waste settlement models mainly focus on the compressibility of solids phase of
waste. But in reality, a landfill is an interacting multiphase (gas, liquid, and solid)
medium, with each phase exhibiting spatial and temporal variations (El-Fadel and
Khoury, 2000). Therefore, settlement of the solid phase depends on the variation of all
three phases. A number of mathematical models is available to evaluate biodegradation
of solid waste, gas and eachate generation and transport.
2.6.1 Rate of Gas Generation
No simple equations can adequately describe the rate of biodegradation and the gas
generation in a landfill because of the heterogeneity of waste. Based on experimental
observations, Farquhar et al. (1973) proposed a qualitative model to describe stages of
gas generation. Quantitatively, the rate of gas generation can be predicted by considering
the landfill as a batch reactor. The Monod model, or a modified version of it, remains the
most widely used microbial growth model. Such a model relates variation of microbial
population to substrate concentration (El-Fadel and Khoury, 2000).
The rate of gas production depends on many factors, including waste
composition, age of waste, moisture content, pH, microbial population present,
temperature, and quantity and quality of nutrients (McBean et al. 1995). The wide range
of degradability of waste present in a landfill makes considerable difficulty in describing
the rate of landfill gas generation. Theoretical approaches to characterize the rate of
landfill gas generation involve models developed based on first order reaction kinetics.
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USEPA Landgem model is one such model developed based on first order
reaction kinetics and a model which is widely used to predict the rate of gas production in
landfills (USEPA, 1998). The model is described in Equation 2.13 where, G (m3/day) is
the rate of methane generation, W (kg) is the rate of waste deposition, L o (m3/kg) is the
methane generation potential, and k (1/day) is the first order kinetic decay constant.
Values reported for first order kinetic decay constant in the literature are scattered
in a wide range. Findikakis and Leckie (1979) and Arigala et al. (1995) used 0.0003,
0.00006, and 0.00004 day-1  for rapidly biodegradable, moderately biodegradable, and
slowly biodegradable waste groups, respectively. On the other hand McBean et al.
(1995) suggested 0.001-0.004 day -1 for rapidly degradable wastes and 0.00003-0.0004
day-1 for moderately degradable waste. A considerable difference was not observed
between the literate values used for dry landfills and biocell type of landfills. Hossain et
al. (2003) used 0.0004 day-1 to model decomposition in a bioreactor. Based on limited
laboratory and pilot scale studies, Sullivan (2003) suggested a range from 0.0003 to
0.0007 day -1 for bioreactor landfills.
2.6.2 Gas Generation Potential
The total quantity of landfill gas to be generated from a unit mass of refuse depends on
both the organic content of waste and the environmental factors. Ham and Barley (1987)
presented the Equation 2.14 to characterize methonogenic decomposition.
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Equation 2.14 can be used to estimate an upper bound on the amount of gas
produced relative to the quantity of substrate utilized. Using Equation 2.14, Ham and
Barlez (1987) also performed a theoretical estimation of total gas (methane and carbon
dioxide) production from landfill solid waste. Total gas generation potential from typical
US municipal waste was estimated as 0.52 m 3lkg using Equation 2.14. Theoretical
estimations for organic components by degradability resulted a range of total gas
generation potential of 0.1-0.3 m3lkg. The range of total gas generation potential for
anaerobic digestion of waste with sewage sludge was found as 0.21-0.26 m 3lkg. The total
gas generation potential of full-size landfills, projected from existing short-term data was
0.05-0.4 m3lkg.
McBean et al. (1995) compared a number of estimated total landfill gas
generation potentials from literature sources. The values were scattered in a wide range
from 0.005 to 0.5 m3lkg. Most of the laboratory scale experiments resulted low total gas
generation potential values while theoretical estimations were consistently high.
2.6.3 Transport of Landfill Gas
Most landfill gas transport models are based on the assumption that the landfill can be
treated as a porous medium, and the gas velocity is given by Darcy's law (Findikakis and
Leckie, 1979; El-Fadel et al. 1989; Young, 1989; Arigala et al. 1995). Gas extraction
models rely on pressure change between the landfill gas pressure and atmospheric
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pressure under static or dynamic vacuum applications. Young (1989) developed a model
that describes transport of gas in a rectangular cross section of a landfill. Arigala et al.
(1995) improved Young (1989) model by incorporating a more realistic description of
waste biodegradation. In this model the waste is represented by three classes having
different degree of biodegradability, as originally suggested by Findikakis and Leckie
(1979).
2.6.4 Distribution of Moisture in Landfills
Usually it is assumed that the movement of moisture through a landfill occurs as a
vertical wetting front. This assumption suggest that the leachate exits from the landfill
when the moisture content is at its field capacity (Reinhart and Townsend, 1998). Field
capacity of a porous media is often defined as the amount of water held in after the
excess gravitational water has drained away (Zornberg et al. 1999). The time of arrival
of this moisture front at a certain depth may be estimated based on the rate of moisture
infiltration. However, impermeable items and low permeable daily and intermediate
covers prevent even distribution and rate of moisture movement. This situation
sometimes leads to lateral migration of moisture. In addition, gas production could also
block moisture paths during the early stages of the landfill operation.
Movement of moisture in a landfill is predominantly characterized by unsaturated
flow. Darcy's law may be used to describe unsaturated flow behavior (Reinhart and
Townsend, 1998). However, pressure stays below atmospheric under unsaturated
conditions and hence it is known as suction head (or matric potential), which is negative
by definition. This negative potential is caused by the capillary forces that hold water
against gravity. Moisture will flow from one area that has a negative potential to another
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area at a more negative potential as long as the moisture content is above field capacity.
With the introduction of more moisture, suction head declines and reaches zero at
saturation. The Hydraulic conductivity in an unsaturated landfill is a function of the




The fundamental philosophy underlying this research is viewing settlements as an
integral part of all the basic processes associated with settlements in a biocell landfill.
Therefore, this research proposes a model that couples settlement of a biocell landfill
with the generation and transport of landfill gases and distribution of moisture.
Similar to soils, waste also comprises of three phases: solids; water; and air. Each
phase contributes to the total volume as:
Where, V (m3) stands for volume and the subscripts s , w , and g represent solid,
water, and air phases, respectively. The methodology proposed in this research is based
on observing the changes of volume in each phase. The change in volume is then
converted to settlement to find the time dependent heights, which are finally used in the
mass balance equations to compute the landfill gas pressure and distribution of moisture.
3.2 Problem Idealization
In this research, it is assumed that the waste mass is comprised of layers of waste that are
infinitely extended in horizontal direction (Figure 3.1). Therefore, based on a per unit
area (say, 1 m2) calculation, volume of any layer can be replaced by the corresponding
heights as given in the Equation 3.2, where, K stands for height (m).
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Figure 3.1 Cross-sectional view of the idealized landfill.
To avoid the complexities associated with multi-component gas transport, it is
assumed that only one gas type is present (i.e. a mixture of 50% methane and 50% carbon
dioxide). Movement of gas and moisture is assumed to occur in the vertical direction. It
is also assumed that when time is zero, the unsaturated voids of the waste are filled with
this gas, which is at atmospheric pressure. Variation in temperature in the landfill waste
is not considered. It is assumed that the waste mass remains at a constant temperature of
42°C, which is favorable for biodegradation (Chynoweth and Pullammanappallil, 1996).
Increase in moisture content due to precipitation during construction is assumed to be




Waste changes its volume mainly due to the load (or stress) acting on it and the mass loss
due to decay, hence two waste settlement mechanisms are considered in this research:
mechanical compression; biodegradation-induced settlements. Even though
biodegradation creates voids in the waste mass, the subsequent settlement is assumed to
take place as a result of rearrangement of waste due to stress acting on it. Thus, the total
settlement has to be modeled as a combined process of mechanical compression and
biodegradation-induced settlements.
3.3.1 Mechanical Compression
Mechanical compression occurs due to the weight of the overlying waste. Since the
strain is essentially a function of stress, mechanical compression at a given depth also
remains a function of stress. While addition of new waste layers increases stress, loss of
mass due to biodegradation can cause swelling or rebound. This behavior makes the
stress at a given depth a function of time (Figure 3.2).
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Figure 3.2 Stress at km layer as a function of time.
In this research, the relationship between mechanical compression and stress was
established through a series of laboratory compression tests (details are given in Chapter
5). A given level of stress always ensures a certain level of strain if the compressibility
of waste remains a constant. Unloading tends to follow a curve with a shallower slope
showing that the loading produces both elastic and plastic deformations. Figure 3.3
demonstrates the basic stress-strain relationship of fresh waste, which was generated
using the results of the a series of laboratory compression tests. Both curves fit well into
straight lines in the logarithmic time scale. Hence the change in strain corresponding to a
change in stress can be expressed as:
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Where, C: is the compression ratio (slope of strain versus log of loading stress
graph), and C: is the swelling ratio (slope of strain versus log of unloading stress graph),
a' (N/m2 ) denotes the average effective stress at the center of waste layer considered(
and the initial effective stress can be calculated using the geometry of the landfill and
density of the waste during the placement), and coy.' (N1m2)is the change in stress (can
be either a negative or a positive quantity), which resulted the change in strain, Se .
Figure 3.3 Stress-stain behavior of fresh waste under loading and unloading.
Equation 3.3 is useful in determining the initial mechanical compression due to
the placement of the waste as well as in computing the release of strain (or swell) due to
decomposition. It should be noted that due to the varying physical nature and the
biodegradation over time, both compression ratio and swelling ratio may not remain the
same. This fact needs to be addressed carefully when the calculations are performed.
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The change in strain given by Equation 3.3 can be converted to the corresponding
change in height ( c5Z ) given in Equation 3.4, where K, (m) is the initial height.
3.3.2 Biodegradation-induced Settlement
Biodegradation of waste makes it different from soils where solid mass always remains
unchanged. Since waste solids are highly heterogeneous, use of average properties could
produce misleading estimations. Therefore, in this research, solid fraction of waste is
divided into four groups depending on its degradability (Figure 3.4). They are: non-
degradable (e.g. metals); slowly degradable (e.g. wood, rubber); moderately degradable
(e.g. natural textile); and rapidly degradable (e.g. food) waste. Throughout this
dissertation, V and M denote volume (m3) and mass (kg). The subscript n denotes the
number of the solids group.
It is believed that the decomposition rate of a biodegradable matter can be
estimated by first order kinetics. In order to use first order kinetics to estimate
decomposition, an unlimited supply of nutrients and optimum levels of moisture,
temperature, and pH are assumed. It is also assumed that no toxic material, which
inhibits biodegradation, is present in the landfill. The first order decay equation applied
to the nth group of waste solids and its solution, are presented by Equations 3.5 and 3.6,
respectively, where A, (1/day) is the first order kinetic constant for the jt h group (note:
= 0 ).
If the initial solids fraction for each waste group is fsj =	 /M,, ), then thetotal
solidi waste mass can be expressed as;
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Volume of the waste solids can be computed as shown in Equation 3.8, where
Gs, is the specific gravity of the jt h group of the waste solids and k i, (kg/m3) is the
density of water.
Equation 3.8 is used to find the change in volume due to decay of waste solids
(8V) as described in the following sections.
3.3.3 Total Volume and Settlement
The total volume of a waste element is controlled by the waste skeleton comprised of the
solid phase. Mechanical compression and biodegradation produce changes in the volume
of the solid phase resulting in settlements. The height (total volume) at a given time can
be found by subtracting these changes in volume due to each mechanism from the initial
volume as:
3.3.4 Volume of Liquids and Gases
Voids in the solids skeleton is shared by both liquids and gases. The concept of
volumetric water content can be used to determine the change in the volume of liquid
phase. Volumetric water content (0) is defined as the ratio of volume of water to total
volume. Therefore, volume of water present in waste can be defined as:
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Since the volume of the solids and liquids can be found independently, if the total
volume is known, volume occupied by gas can be found by subtracting solids and water
volumes from total volume (Equation 3.11).
3.4 Generation and Dissipation of Landfill Gas Pressure
The gas pressure is expected to build in the waste element due to generation of landfill
gas as a result of biodegradation. Equations for rate of generation of gas and a general
governing equation that couples gas pressure with settlement process are developed in the
following sections.
3.4.1 Rate of Landfill Gas Generation
Since the only source of gas generation is degradable mass, the rate of biodegradation
should be proportional to negative rate of gas production. The rate of generation of gas
per unit volume G(t) can be expressed as follows, where C o is the proportionality
constant.
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Because of the negative exponential in Equation 3.13, mathematically, the
maximum rate of degradation occurs when the time is zero. However, this is unlikely in
reality and the peak rate of generation has usually been observed some time after the
placement of waste (Findikakis et al. 1988). Therefore, a linear increase is assumed until
it reaches the peak rate, which is quantitatively equivalent to G(0) from Equation 3.13.
Considering these facts, the rate of gas generation is modified as:
The value of Co can be approximated by taking the concept of gas generation
potential into account. Gas generation potential is usually defined as the volume of gas a
unit mass of waste could produce and it is denoted by L o (m3lkg). Since Equation 3.14 is
based on mass generated per unit volume of waste, L o has to be converted to its
corresponding mass. Using ideal gas law (assuming an average molar mass of 30 g) and
it can be showed that a 1 m 3 of landfill gas mixture weighs approximately 0.86 kg at
atmospheric pressure and 42 °C (selected landfill temperature). To establish a relationship
between Lo and Co , Equation 3.14 is integrated for its entire time span considering the
waste volume at the time of placement. It should be noted that a unit volume of waste at
the time of placement weighs, kc (kg) and the decay constant of solid group one is zero.
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3.4.2 Mass Balance for Gases
Considering the amount of gas present in a unit volume of landfill the overall mass
balance can be established in the following manner.
Where, pg  (kg/m3) is the density of the landfill gas in the element, vg (m2/day) is
the gas velocity, D (m2/day) is the diffusion coefficient, Cg (kg/m3) is the concentration
of landfill gas, and Gat) is the rate of generation of gas per unit volume of waste
(kg/m3/day).
Velocity of landfill gas is calculated using Darcy's equation as given in Equation
3.17, where kg (m/s) is the gas conductivity of waste, Pa (N/m2) is the atmospheric
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pressure, and p (N1m2 ) is the pressure beyond atmospheric pressure (or relative
Where, R (J/mol/K) is the universal gas constant, m (kg) is the molar mass of
the landfill gas, and T is the average landfill temperature in Kelvin. A general governing
equation, which links landfill gas pressure to settlement can be obtained by combining
Equations 3.16 through 3.19 as:
3.5 Distribution of Moisture
The amount of moisture present in the waste plays a significant role in the settlement
process. The efficiency of dissipation of gases depends on the percentage of voids space
available for the transport of gaseous products. Therefore, moisture distribution has to be
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coupled with the settlement process. However, moisture profile of a bioreactor landfill is
highly site specific due to the arrangement and frequency of leachate recirculation.
3.5.1 Leachate Flow in Unsaturated Waste
Richards equation can be used to estimate the spatial and temporal variation of
volumetric moisture content (0) with respect to matric potential (h) in an unsaturated
medium. Combination of Darcy's law and the principle of conservation of mass results
in the Richards equation, which in the vertical dimension (sign convention for z here is
upward positive) can be written as:
Where, S represents a sink used to extract water from the system, which is
analogous to a leachate removal system in a biocell landfill.
3.5.2 Matric Potential and Hydraulic Conductivity of Waste
Van Genutchen Model (van Genutchen, 1980), which presented both matric potential ( h )
and unsaturated hydraulic conductivity ( kw ) as functions of volumetric water content (0)
has been widely used in solving Richards equation. These relationships are used to solve
the Richards equation in this research and hence they are briefly introduced herein. Van
Genutchen equations to determine h and kw can be written as:
Where, a (m-1), n , m a= 1 —11 n), and p are model parameters, which can be
considered as constants for a given porous media. kw, (mlday) is the saturated hydraulic
conductivity of the porous medium. Effective saturation, Se is defined as in the Equation
3.24, where 03 and 9r are saturated moisture content and residual moisture content of the
porous media, respectively.
3.6 Coupling Gas Pressure and Moisture with Settlement
When settlement process is coupled with gas generation and dissipation and moisture
distribution, there are some important points where they interact with each other. These
issues are briefly addressed in the next few sections.
3.6.1 Variable Height of the Waste
Changing heights of the waste layers caused by waste settlement has to be taken in to
consideration when the equations are solved for gas pressure and moisture distribution.
Although the Richards and Van Genuchten's equations are not intended to be used for
changing heights, it is assumed that they could provide reasonably accurate results in this
case.
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3.6.2 Pressure Correction in Effective Stress
When gas pressure values are available, the effective stress term in the settlement
calculations should be corrected as in Equation 3.25, where a (N/m 2 ) is the total stress.
3.6.3 Variable Gas Conductivity
Because of the presence of liquids in the waste voids, only a fraction of the void space is
available for gas movement. Therefore, the unsaturated gas conductivity varies with the
amount of water present in the waste element. Scanlon et al. (2002) derived an equation
similar to Equation 3.23 for gas conductivity by replacing the effective saturation in the
Van Genuchten's equation by a1— S e ).
Where, kg, (m/day) is the saturated gas conductivity of the porous medium.
3.6.4 Saturated Moisture Content
Due to the varying nature of the porous media, saturated moisture content does not





This chapter describes the solution technique used in this research. In the absence of a
closed-form analytical solution, numerical techniques were used to solve the governing
equations, which provide the settlement of a biocell landfill coupled with generation and
dissipation of gas pressures and moisture distribution. Explicitly computed settlement
and moisture values were then used to find an implicit solution for the governing
equation for gas pressure. A computer program was developed using MATLAB to
implement this procedure of numerical solution and the code is included in the Appendix.
Detailed explanations of numerical solution for each governing equation are given
in the following sections. The subscript 'k' and the superscript '1' denote space (grid
point) and time (time steps), respectively.
4.2 Settlement Computations
The idealized landfill cross-section considered in the numerical computations is given in
Figure 4.1. It is assumed that each waste layer (or lift) comprise a constant initial height
and placement density. It is also assumed that each layer has undergone an immediate
mechanical compression governed by the stress-strain relationship presented in Equation
3.4.
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Figure 4.1 Idealized landfill cross-section considered in the numerical analysis.
Initial height of the k ith waste layer is calculated as given in Equation 4.1, where
Az. (m) is the initial layer thickness, C, 1 is the compression ratio for fresh waste, kc
(kg/m3) is the dry density of waste at the time of placement (or compaction density), ps
(kg/m3) and Az, (m) are the density and thickness of the final top cover, respectively.
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Total mass of kithwaste layer and the effective stress at theth node for the
a1 + 1)1h time step are calculated as shown below, where g (m/s2 ) is acceleration due to
gravity and ag / 1000) is used to convert the units from Pa to kPa .
C * is the compressibility parameter introduced in Chapter 3 (Equation 3.3).
In this research, time dependency of compressibility is taken into consideration
and hence, a suitable value should be selected depending on the age of the waste (or state
of biodegradation). The selection procedure is explained in Equations 4.6 and 4.7.
Heights of each phase in the k ithwaste layer for theal +1)time step can be
calculated using the following equations, where k. (kg/m3) is the density of liquids in
the landfill and it is assumed to be equal to density of water.
4.3 Gas Pressure Computations
The governing equation for mass balance of gases (Equation 3.20) is solved implicitly
using finite difference approximations and finite grid with variable non-uniform grid
spacing (Figure 4.2). The central difference scheme is used in determining space
derivatives and hence a second order accuracy is expected with respect to space
(Hoffman, 2001). The stencil used for developing implicit numerical solution is shown
in Figure 4.3.
Figure 4.2 Computation grid and the boundary conditions for pressure equation.
54
55
Figure 4.3 The stencil used for implicit numerical pressure calculations.
4.3.1 Finite Difference ApproDimations for the Pressure Equation
The time derivative of pressure ( p ) and In Kg are approximated using forward time (FT)
scheme as shown in following equations (Hoffman, 2001).
The space derivatives are approximated using center space (CS) scheme. Since
the space in not uniform and layer thicknesses vary with time, explicitly computed 'Az'
are used in the denominator.
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Following pressure equation is generated by substituting Equations 4.11 through
4.14 in Equation 3.19.
4.3.2 Correction of Pressure due to Movement of the Nodes
Due to the continuing process of settlement, k th node also settles with time and hence a
correction has to be applied to the pressure from the previous time step (pki ) used in
Equation 4.19. Linear pressure variation is assumed between two consecutive nodes to
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find the corrected pressure at the k th node by linear interpolation. The correction
procedure is illustrated in Figure 4.4 and the mathematical expression is presented in
Figure 4.4 Correction of pressure due to the movement of the nodes.
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4.3.3 Numerical ApproDimation of the Rate of Gas Generation
The rate of gas generation (G,c1 ) term in Equation 4.19 is numerically approximated as
follows:
4.3.4 Boundary Conditions for the Pressure Equation
It is assumed that the upper boundary always remain at atmospheric pressure irrespective
of the downward movement of top surface due to settlement. Therefore, the relative
pressure at the top boundary is always zero.
Two types of boundary conditions are considered for the bottom. In general,
bottom of the landfill is assumed to be comprised of an impermeable boundary.
Therefore, a no gas flow condition can be imposed at the bottom node.
In case the bottom is equipped with a gas extraction point, pressure at the bottom
is expected to maintain at the atmospheric. For this, a special zero pressure condition is
imposed at the bottom.
4.4 Moisture Content Computations
The governing equation for the distribution of moisture (Equation 3.21) is solved
explicitly using finite difference approximations and finite grid with variable non-
uniform grid spacing (Figure 4.5). The central difference scheme is used in determining
space derivatives, thus a second order accuracy is expected with respect to space
(Hoffman, 2001). The stencil used in developing explicit numerical solution is shown in
Figure 4.6.
4.4.1 Finite Difference ApproDimations for Richards Equation
The time derivative of moisture content ( 9) is approximated using forward time (FT)
scheme as shown in Equation 4.14 (Hoffman, 2001).
The space derivatives are approximated using center space (CS) scheme. Since
the space is not uniform and layer thicknesses vary with time, explicitly calculated 'Az'
are used in the denominator.
Figure 4.5 Computation grid and the boundary conditions for Richards equation.
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Following equation for moisture is generated by substituting Equations 4.24
through 4.26 in Equation 3.21.
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In reality, the amount of moisture retained by waste is decided by its field
capacity. Therefore, in the solution, the moisture content computed from Equation 4.27
was subjected to a maximum, which is equal to the filed capacity of waste. It was
assumed to reach its field capacity when volumetric moisture content is 60% of the
saturated moisture content.
4.4.2 Correction of Moisture Content due to the Compression of the Waste Layer
Moisture content from the previous time step On used in Equation 4.31 is corrected for
the compression of the waste layers below and above the calculation point (eh node),
between two consecutive time steps. The basis for the correction is the amount of
moisture represented by O lk in a volume of 0.5(Azki +	 ). Correction factor is obtained
by redistributing the same amount of liquid in the compressed waste layers. Corrected
moisture content at the k ith node (9-k1 ) is given by Equation 4.32, and the correction
procedure is illustrated in Figure 4.7.
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Figure 4.7 Correction of pressure due to the movement of the nodes.
4.4.3 Boundary Conditions for Richards Equation
Moisture (leachate) is added to the landfill at the top surface by means of leachate
recirculation. This is assumed to be achieved by maintaining a constant head (h1 ) at the
top surface.
A no-flow condition is imposed at the bottom node similar to the pressure problem.
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When the whole waste mass reaches its intended maximum (i.e. 60% of the
saturated moisture content), the excess water was removed from the bottom waste layer
using AtSw i term in Equation 4.31. The excess amount was determined as follows.
Field capacity is a function of compaction (Qian et al. 2002). Because an exact
relationship for the field capacity was unable to find, the field capacity and total porosity
values reported for individual soils were investigated. The ratio between field capacity
and total porosity (saturated moisture content) changes from 0.50-0.77 with an average
of 0.61 with a standard deviation of 25%. Due to the unavailability of a comprehensive
research to predict the variation of field capacity with the change of porosity (due to
decomposition and compaction), the ratio between field capacity and the total porosity of
a given waste mass was selected as 0.6.
CHAPTER 5
COMPRESSIBILITY CHARACTERISTICS OF WASTE: EXPERIMENTAL
INVESTIGATION
5.1 Introduction
In order to investigate the compressibility of fresh waste and the variation of
compressibility with degradation, experiments were conducted using a simulated waste.
This simulated waste was tested to obtain compression characteristics, compaction
characteristics and the specific gravity, using standard laboratory procedures.
5.2 Preparation of the Waste Sample
The composition of municipal solid waste (MSW) has been recorded over the years and
summarized by United States Environmental Protection Agency (USEPA). The MSW
composition considered in this research was taken from USEPA reports (USEPA, 1997)
and shown in Table 5.1. The proportions given in Table 5.1 represent dry weight of each
component. Some of the components in Table 5.1 had to be replaced by carefully selected
substitutes for the sake of repeatability and to avoid biodegradation that could occur
during the tests. To simplify the selection of representative material, some components
were grouped with others. Considering the silica content in compost, glass percentage
was added to the yard waste category. Inorganic wastes and 'other' types of wastes were
also grouped with yard waste. Final composition selected for the tests is given in Table





When the simulated waste was developed, every effort was made to keep the
maximum particle size under 5 mm in order to minimize the size effects due to particle
size. Dry material of each component was weighed according to the weight proportions
given in Table 5.2 and mixed to produce the simulated waste sample. Although proper
mixing of components is not anticipated in the field, the sample was thoroughly mixed
manually to assure reproducibility. A sample of the final product is shown in Figure 5.2.
Figure 5.1 Ingredients used in preparing simulated waste; (a) paper, (b) compost, (c)
metal, (d) wood chips, (e) plastics, (f) textiles, (g) rubber, (h) cooked macaroni.
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Figure 5.2 A sample of simulated waste.
5.3 Specific Gravity of Simulated Waste
Specific gravity of the simulated waste was found by using the laboratory procedure
given in ASTM D-854 (ASTM, 2002). Three samples were prepared using two different
mixing methods. Waste sample for Test 1 was specially prepared to ensure the intended
mix proportions of different waste components (method 1). Percentages of components
of the simulated waste given in Table 5.2 were measured in grams separately and then
added to make a sample of 100g for test 1. Waste samples for Tests 2 and 3 were taken
from well mixed simulated waste (method 2). The results are given in Table 5.3.
The objective of using two different mixing methods was to see if the mixed
waste could produce a representative (fairly homogeneous) mixture of waste. It is
evident from Table 5.3 that the specific gravity of the samples taken from mixed waste
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(test samples 2 and 3) are close to the specific gravity of the sample made by adding
measured amounts of individual waste components (test sample 1).
Table 5.3 Specific Gravity of the Simulated Waste
5.4 Compaction Characteristics of Simulated Waste
Standard Proctor test procedure (ASTM D-698) was used to evaluate the compaction
characteristics of simulated waste. The equipment used in the compaction test is shown
in Figure 5.3. After determining the initial water content of the waste, a predetermined
amount of water was added to the sample so that the first reading can be obtained at
desired water content. Sample was thoroughly mixed after adding water and it was kept
covered overnight for uniform distribution of moisture.
Two series of compaction tests were conducted to study its compaction behavior.
Based on the observations of these trial runs, two more series of tests were performed on
the same sample. The results are shown in Figure 5.4. It should be noted that trial-3 was
done on a sample, which was used 23 times before trial-3 and trial-5 was done on a
sample, which was used 43 times before trial-4. Reuse of the sample caused the waste to
increase the maximum dry density as well as the optimum moisture content. As a resul,t
the curve shifted more towards the zero air voids line. Therefore, to simulate fresh waste,
a new fresh sample was used to obtain each data point in the trial-S (Figure 5.4). For
fresh waste a maximum dry density of 525 kg/m 3 was observed corresponding to an
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optimum moisture content (gravimetric) of 60%. These results are presented in Table
5.4.
Reinhart et al. (2002) reported results of compaction tests on synthetic municipal
solid waste, which has been prepared according to composition published by in Florida
Solid Waste Management Report (Florida Department of Environmental Protection,
1999). Their results also suggested that the maximum compaction occurs approximately
at 60% moisture content (gravimetric).
Figure 5.3 Equipment used for the compaction test.
Table 5.4 Compaction Characteristics of Simulated Waste
Figure 5.4 Compaction behavior of simulated waste.
71
72
5.5 Compressibility Characteristics of Simulated Waste
A compression test (similar to consolidation tests on clay) was designed to study the
compressibility characteristics of simulated waste. A Teflon cylinder of 63 mm internal
diameter was used as the cell. Initial heights of the samples were maintained in an
approximate range of 25-30 mm. Test cell was assembled as shown in Figure 5.5 and a
special setup described in Figures 5.6 and 5.7, was used to directly load the sample.
Figure 5.5 (a) Components and (b) assembled cell used for compression test.
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Figure 5.6 Loading setup (not to scale).
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Figure 5.7 A compression test in progress.
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5.5.1 Compressibility Characteristics of Simulated Fresh Waste
The test sample was first compacted approximately to the maximum dry density of fresh
simulated waste (Figure 5.4) keeping the moisture content close to the optimum value. In
order to see the effect of moisture on mechanical compression, two samples were tested
simultaneously: 1) water content maintained approximately at its optimum value; 2) cell
completely filled with water once loading was started. The initial moisture content of the
first sample was maintained by placing moist cloths at the top of the sample to act as a
moisture barrier.
The settlement values were recorded using dial gauges. Samples were subjected to
each loading levels for 24 hours before it was doubled. A typical time-strain graph is
shown in Figure 5.8. Samples were loaded to a maximum of 68.6 kg (stress = 216.1 kPa)
in six stages and unloaded in three stages. Stress-strain curve for both cases are compared
in Figure 5.9. Compressibility parameters computed from Figure 5.9 are given in Table
5.5.
It is interesting to note that although the maximum strain observed in Test 2 was
8.5% higher than the other sample, the irrecoverable strain shown by both samples were
similar (21.1% and 19.2%, respectively).
Figure 5.8 Time-strain graph for simulated waste under a load of 7.9 kPa.
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Figure 5.9 Stress -strain behavior of simulated fresh waste.
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5.5.2 Variation of Compressibility with Time
Due to the difficulty of obtaining old waste samples, which had original composition
similar to the composition given in Table 5.1 (or Table 5.2), 'simulated old waste'
samples were developed to simulate old waste. Waste mass remaining after 1,000days,
10,000 days, and 100,000 days were estimated using first order decay equation (Equation
3.6). For this purpose, waste was classified in to four solids groups as suggested in
Chapter 3. Decay constants for (1) non-degradable, (2) slowly degradable, (3)
moderately degradable, and (4) rapidly degradable waste groups were assumed as 0,
respectively (Findikakis and Leckie, 1979; Arigala et al.
1995). These information together with the adjusted waste compositions used to simulate
old waste, are provided in Table 5.6.
Three samples were prepared based on the calculated compositions presented in
Table 5.6 to simulate 1,000 days, 10,000 days, and 100,000 days old waste. The samples
were then tested for their compressibility characteristics using the procedure explained in
the previous section. All cells were filled with water as soon as loading was started. The
stress was varied in an approximate range of 5-240 kPa. Results are reported in Figure
5.10 and Table 5.7.
Table 5.6 Calculated Compositions of Old Waste
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Figure 5.10 Stress-strain behavior of 1,000 days, 10,000 days and 100,000 days old
laboratory simulated waste.
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Table 5.7 Compressibility Characteristics of Simulated Old Waste
By comparing the in Tables 5.6 and 5.8, it is evident that this simulated waste has
not shown a considerable variation in the compressibility with time. This could be
predominantly due to the poor simulation of 'old waste' in the laboratory. With time
waste changes its physical characteristics including the particle size due to degradation.
Even though degradation process transforms fresh waste intermediate products, this
feature was not captured in the above lab simulation. The mathematical formula used in
the computations only provided remaining masses that also, was based on assumed decay
constants. A noticeable difference may be observed if real old waste was used in the
experiments.
Hossain et al. (2003) conducted 24 oedometer tests on residential waste to
investigate the changes in waste compressibility as a function of the state of
decomposition. Their values for compression ratio were in a range from 0.16 to 0.36.
According to them, the compressibility was shown to increase as waste decomposed. This
fact is highly debatable but lack of information on the initial composition of their waste
sample prevents a further discussion. However, as far as the magnitudes are concerned
what was obtained from the current research agrees with what they have observed.
CHAPTER 6
STABILITY AND MODEL VALIDATION
6.1 Introduction
The stability of the numerical solution is briefly discussed in the first half of this chapter.
The second half explains the modeling effort to verify the performance of the model, in
which settlement and pressure data measured at landfills are compared with the
settlement and pressure profiles generated by the current model.
6.2 Stability of the Numerical Solution
The settlement model developed in this research is comprised of three main components,
and different numerical techniques had to be employed to model each of them. The
settlement computations include a series of calculations to track down the changes in the
volume in each waste layer. This is primarily based on the stress-strain relationship to
model the mechanical compression and the analytical solution of the first order decay
equation to model the biodegradation-induced settlements. Since there were no
numerical approximations in the settlement part (other than simple volume calculations)
there was no stability issue.
Second part of the model, the generation and dissipation of landfill gases, is
described by a second order partial differential equation. Finite difference method is used
to approximate the time as well as space derivatives. Numerically approximated




Final part of the model, the distribution of moisture, is described by Richards
equation. Again, finite difference method was used to approximate the time and space
derivatives but the equations were solved explicitly for volumetric moisture content
values. Like most of the explicit finite difference schemes, the numerical method used in
volumetric water content computations, is only conditionally stable. Therefore, stability
of the entire model is decided by the stability of moisture content computations.
Artificial oscillations and numerical dispersion are two major obstacles
encountered in the finite difference method when is applied to advection dominated
transport problems. The use of a large time step could result in unstable oscillations.
These oscillations grow larger as the simulation progresses, causing the simulation to fail
eventually.
No numerical dispersion is associated with the spatial discritization when the
central weighting scheme is used (Chunmiao and Gordon, 1995). Therefore, numerical
dispersion related stability problems are not expected as all the space derivatives were
approximated using central difference scheme. However, the use of central difference
approximation to discritize spatial derivatives could lead to artificial oscillations
(overshoot or undershoot) especially when the flow is advection dominated. The suitable
time step and grid size for numerical simulations were selected based on the stability
criteria introduced in the following sub-sections.
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6.2.1 Peclet Number
The degree to which the fluid transport problem is dominated by advection can be
determined by the grid Peclet number aPe) in a unidirectional flow field.
Where, q (mlday) is the average linear Darcy velocity of fluid, and n is the
porosity of the medium, and D (m2 Is) is the soil-water diffusivity (Warrick, 2003). If Az
is selected in such a way that Peclet number is less than two aPe 2), the oscillatory
behavior is eliminated when the central difference approximation is used to determine
spatial derivatives.
6.2.2 Courant Number
Courant number aCr) is a parameter that gives the fractional distance relative to grid
spacing traveled due to advection in a single time step (Steefel and MacQuarie, 1996).
When forward difference approximation is used to determine time derivative, transport
equation stays stable as long as Courant number stays less than one.
6.3 Validation of the Model
As it was identified in the literature review, traditional practice in the landfill studies is to
handle gas and leachate issues as problems separate from the settlement issues. This
situation left no chances for existence of a complete set of field data that could be used to
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verify the current model. Therefore, the settlement and gas pressure components of the
model had to be tested separately. As moisture component of the model is based on a
widely accepted equation (Richards equation), that part was excluded from validation.
6.3.1 Landfill Settlement Data
Data published by El Fadel and Al-Rashed (1998a) was selected for the verification of
settlement component of the model purposes. They reported data gathered from
Mountain View landfill test cells in which experiments were conducted to measure
settlement rates under different operational-management practices, including leachate
recirculation. Out of six cells in operation leachate recirculation was practiced only in
Cell-A, and hence settlement data from Cell-A was taken to validate this analysis.
The site was constructed within the Mountain View Landfill located
approximately 25 km Northwest of San Jose, California, U.S.A. The selected cell, which
is 30 m x 30 m in area and 15 m in depth, and with the practice of leachate recirculation,
can be treated equivalent to a single cell biocell landfill. MSW from San Francisco was
deposited in it in fifteen layers. Top surface of the waste was covered with an
impermeable plastic membrane and a 150 mm thick gravel cover had been placed on it.
Most of the information needed for the model to simulate settlement behavior, was found
in El Fadel and Al-Rashed (1998a) and they are reproduced in Table 6.1.
Best possible assumptions were made in gathering the missing data. Density of
the gravel cover was taken as 2000 kg/m 3 . Waste was separated in to four groups as
explained in Chapter 5. First order decay constant values reported in literature are
scattered in a wide range. Values suggested for bioreactor landfills are in a range from
0.0003 to 0.0007 day -1 . However, considering the high amount of sludge expected to be
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added in the Calgary Biocell Landfill, fist order decay constant was assumed as 0.001
day-1 for the rapidly degradable waste. Decay constants for moderately and slowly
degradable waste were assumed one and two orders less than the value selected for the
rapidly degradable waste group. The assumed waste composition was described in
Chapter 5. Specific gravity for solids groups 1, 2, 3, and 4 were assumed as 3.0, 2.0, 1.2,
and 1.0, respectively. Compressibility parameters were selected from the information
gathered from the experiments presented in Chapter 5.
Source: El Fade and Al-Rashed (1998a)
Notes: (1) Waste moisture content was 25 %
(2) Sludge moisture content was 85 %
(3) All masses are in thousands of kilograms
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6.3.2 Comparison of Measured and Predicted Settlement Profiles
Settlement profile obtained from the first attempt was compared with the measured
values in Figure 6.1. It was noted that even though the prediction gives the same trend
and the same difference in strain (approximately 12.6% in measured and 12.3% in
prediction), there is a huge difference in the initial strain and a mismatch in the starting
time of the settlement process. The reason for this discrepancy was understood to occur
as a result of the difference between the settlement philosophy used to develop the model
and that of El Fadel and Al-Rashed (1998a) used, in recording and plotting settlement
data.
According to the description given by El Fadel and Al-Rashed (1998a), the
landfill was filled in 15 layers and the first point of strain value appears in the graph after
15 days. The most probable conclusion is that, they have only started recoding
settlements on the 15 th day after completing the fill (after the top cover was placed) and
the small amount of initial settlement must be the result of compression by the weight of
the top cover. On the other hand, the current model keeps track of settlement for each
layer. When it was simulated again using a computer code adjusted to disregard the layer
compression during filling, agreement was seen between the measured and predicted
strains (Figure 6.2).
Figure 6.2 Measured strains and prediction using model adjusted for initial strains.
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6.3.3 Landfill Gas Pressure Data
Findikakis and Leckie (1979) published landfill pressure data measured at Palos Verdes
Sanitary Landfill, in California,USA. This includes two pressure profiles: 10 years and
15 years after closure of the landfill. These two profiles from Palos Verdes landfill was
selected to verify the pressure component of the current model. Relevant waste
parameters for Palos Verdes landfill as reported by Findikakis and Leckie (1979) are
reproduced in Table 6.2.
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Half-life values given for the waste were also converted to their corresponding
decay constant values. Initial dry density and the initial moisture contents were estimated
from the given data as 490 kg/m3 and 21%, respectively. Coefficient of diffusion of
landfill gas was assumed as 0.6 m 2/d. Compressibility parameters were selected from the
information gathered from the experiments presented in Chapter 5.
According to the information given by Findikakis and Leckie (1979), the landfill
was not equipped with a gas recovery system and hence gas was expected to reach top
surface and penetrate the top cover to mix with the air at the atmospheric pressure.
Therefore, top cover was also included in the analysis as a layer of the landfill. A no-gas
flow condition was employed to model the bottom boundary.
6.3.4 Comparison of Measured and Predicted Gas Pressure Profiles
Gas pressures predicted for 10 and 15 years are compared in Figure 6.3 with the
measured values reported by Findikakis and Leckie (1979). The agreement between
predicted and measured pressure values is poor. This mismatch may be attributed to a
few reasons. Some of the data (such as waste composition and cover permeability)
reported by Findikakis and Leckie (1979) are actually not real values but only
estimations. They also assumed that the landfill was filled over a period of 15 years.
Figure 6.3 Measured pressures and prediction using model.
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CHAPTER 7
PREDICTIONS AND SENSITIVITY ANALYSIS
7.1 Introduction
The settlement model described in this dissertation was developed to predict the
settlements of the City of Calgary Biocell Landfill (fully instrumented, 15 m high, 3-lift
biocell landfill). Due to the unavailability of data as a result of the delay in construction,
assumed waste and other landfill related properties were used in this research. Every
attempt was made to select the values from their typical ranges that are most suitable for
conditions in Calgary, Canada. This chapter includes how the input data were selected,
the cases considered in the analysis, and a discussion of results. The last section of this
chapter is devoted to sensitivity analysis.
7.2 Selection of Input Data
Each lift of the Calgary Biocell Landfill was divided in to 20 layers of waste, which is
0.25 m thick at the placement. Delay in construction between two lifts was assumed as
50 days. The increase in moisture due to precipitation was assumed insignificant.
Thickness of the final cover and its density were assumed as 0.5 m and 2000 kg/m 3 ,
respectively. Properties of waste, landfill gas, moisture (leachate) and landfill




Typical composition of North American waste given in Chapter 5 (USEPA, 1997) was
used for Calgary. Maximum dry density of fresh waste reported in Chapter 5 was used as
the compaction density. It was assumed that only 95% of the maximum could be
achieved in the field, hence 500 kg/m3 was used as the dry density after compaction. As
described in Chapter 2, measured and estimated values of total gas generation potentials
for waste are in a wide range of 0.005-0.5 kg/m3 . Ham and Barley (1987) estimated the
range of total gas generation potential value for landfills as 0.05-0.52 kg/m 3 . Therefore,
an average value of 0.28 m3/kg was selected as the total gas generation potential in this
analysis.
Waste composition, first order decay constant, and specific gravity of waste solids
data used to verify the model (discussed in Chapter 6) were assumed for this analysis.
These values are given in Table 7.1. Input data for compressibility parameters were also
selected from the data obtained from the laboratory experiments, which are presented in
Chapter 5. Compressibility values selected to represent time durations decided in
Chapter 4, are reproduced in Table 7.2.
Table 7.1 Group Properties of Waste Solids
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7.2.2 Properties of Landfill Gas
Coefficient of diffusion of landfill gas mixture in waste was computed by modifying the
diffusion coefficient of landfill gas in air using Millington-Quirk second model (Jin and
Tiiry 19961 Millinutnn-fliiirk czennd mnripl is ripcoribpri ac fnlirmic
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Where, Dg and D are diffusion coefficient (m2lday) of landfill gas in air and in
waste, respectively, 8g is the gas content, and n is the total porosity. Dg for carbon
dioxide was found as 1.22 m2lday (Hashimoto and Suzuki, 2002). Dg for methane was
found as 1.82 m 2lday (Hettiarachchi, 2005). Therefore, average of these two values were
used in Millington-Quirk second model to compute diffusion coefficient of waste.
Average gas content and total porosity values of the landfill was found as 0.35 and 0.60,
respectively, based on trial settlement simulations. Finally the diffusion coefficient of
waste was computed as 0.28 m2lday. As Millington-Quirk second model usually tend to
underestimate diffusion coefficient, computed value was increased by 40% (Wilshusen et
al. 2004) and hence 0.40 m 2lday was used in the settlement simulations.
As described in Chapter 3, it was also assumed that the landfill is operated under a
temperature of 42 °C (315 K), which is favorable for biodegradation. Atmospheric
pressure was taken as 101 kPa.
7.2.3 Parameters Associated with Landfill Moisture
Density of leachate was assumed to be equivalent to that of water. Density of water at
42°C was taken as 990 kg/m3 (Scanlon et al. 2002). Van Genuchten parameters for solid
waste estimated by Benson and Wang (1998) using laboratory experiments on water
characteristic curve of waste, performed at the University of Wisconsin — Madison, was
used. Parameter p was assumed as 0.5. They are listed in Table 7.3. However, the
constant value reported for the saturated volumetric moisture content a8S ) was not
realistic due to the varying volume of a settling waste mass. Hence the saturated
volumetric moisture content was made a variable and it was computed for each time step.
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Source: Assumed, other values from Benson and Wang (1998)
7.2.4 Permeability of the Landfill
Permeability (sometimes referred to as intrinsic permeability) of a porous medium is a
function of the characteristics of the porous medium and conductivity of fluids. If
porosity remains unchanged, it is considered as a constant for a given porous medium.
Arigala et al. (1995) used 10 -12 m2 as the permeability of a landfill medium. Waste
hydraulic conductivity values reported by many others (Blieker et al. 1993; Oweis and
Khera, 1986; Schroeder et al. 1984; and Young, 1989, Nastav et al. 2001) when
converted to permeability, are in a range from 10 -12 to 10 -14 m2 . Therefore, an average
value of 10 -13 m2 was used in this simulation.
In order to compute variable unsaturated gas and hydraulic conductivities their
corresponding saturated values are required. Definition of permeability can be used to
build a relationship between the saturated gas and hydraulic conductivities.
Where, K (m2) is the permeability of the solid waste and ,u (Pa • day) is the
viscosity of the corresponding fluid component. The following equations are developed
by assuming suitable values for density and viscosity for each fluid component.
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Conductivities are obtained in mlday when K is in m2 . Viscosity values
corresponding to a temperature of 315 K for landfill gas mixture and water were taken as
2003). An average density of 1.21 kg/m 3 was assumed for landfill gas mixture.
7.3 Cases Considered for Analysis
The settlement model developed in this research is a combination of three processes:
settlement calculations (due to decomposition and mechanical compression); gas
generation and transport; distribution of moisture (as a result of leachate recirculation).
The computer program developed to numerically solve the governing equations is
capable of modeling each process separately as well as a combination of them. This
feature was made use to simulate the settlement behavior of the biocell landfill in four
different ways so that a comparisons can be made to identify the strengths and
weaknesses of the model.
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7.3.1 Case 1 - Constant Pressure and Moisture Profiles
In this case, only the time dependent variation of decomposition and mechanical
compression was considered. This form of the model is the one closest to a typical
biodegradation-induced model identified in Chapter 2. Gas pressure was kept at its
atmospheric level in the numerical computations and hence this approach indirectly
assumes smooth and quick dissipation of pressure. Presence of a steady level of 30% of
(volumetric) moisture was assumed, thus the solution was not expected to be sensitive to
any possible variation in loading due to changes in moisture.
7.3.2 Case 2 - Variable Pressure and Constant Moisture Profiles
Variation in gas pressure due to generation and dissipation of gas was incorporated.
Atmospheric pressure was taken as the initial condition for gas. Maximum rate of
generation of gas was assumed to occur after 30 days. Gas extraction points were
introduced to cell boundaries in addition to top and bottom of the landfill. Atmospheric
pressure was maintained at these extraction points assuming that gas was immediately
mixed with outside air, which is at the atmospheric pressure. For this case also, presence
of a steady level of 30% of moisture was assumed in the computations.
7.3.3 Case 3 - Constant Pressure and Variable Moisture Profiles
Variation in moisture was incorporated. Gas pressure was kept at its atmospheric level.
Thus this approach assumes smooth and quick dissipation of gas pressure. Variable
moisture profile was used to simulate leachate recirculation. Initial level of 20%
moisture (volumetric) was assumed. A maximum head of 0.1 m was maintained at the
top surface. In the beginning, head at the top surface was linearly increased to its
100
maximum over a period of 60 days. When the whole waste mass reached its intended
field capacity, excess water was removed from the bottom of the landfill simulating the
performance of a leachate removal system.
7.3.4 Case 4 - Variable Pressure and Moisture Profiles
Variation in gas pressure due to generation and dissipation of gases as well as the
variation in moisture was incorporated. For variable gas pressure and variable moisture,
conditions similar to those described in the previous sections were adopted.
7.4 Analysis of Results
Settlement behavior of the City of Calgary Biocell Landfill was simulated for a period of
10,000 days (approximately 25 years) for all the cases considered. Results obtained are
shown in Figures 7.1 through 7.10. Following subsections present a discussion of these
results.
7.4.1 Strain (or Settlement) Behavior of the Biocell Landfill
Total average strain profiles for all four cases analyzed are given in Figure 7.1. All
methods produce the typical shape of a waste settlement curve. In a typical settlement
curve a small or zero initial strain is usually observed because many do not consider the
settlement during construction. But in this analysis the settlement behavior during
construction was modeled assuming a 50 day time lag between two consecutive lifts. But
no time delay was assumed between placements of two consecutive layers in one lift.
Initial high strain (25%) is due to the consideration of mechanical compression occurs as
a result of the self weight. Sudden increase in strain at days 50 and 100 are because of
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the increase in stress due to addition of new waste layers. It should be noted that in this
methodology, the total of initial heights of each layer at the placement (which is 15 m),
was used as the basis for the strain computations.
It is evident from Figure 7.1 that the model predicts higher strain values, when
moisture as well as gas pressure are incorporated into the simulation. It is also noted that
this difference is clearly visible in the steeper portion of the curves approximately after
100days. This coincides with top wastes reaching its field capacity. Increase in stress as
a result of introduction of additional moisture, is therefore, clearly reflected as an
increase in strain. When gas pressure is added, it further increases strain by a
considerable amount.
time (days)

















Variation of average strain of waste layer-60 predicted for all four cases is given
in Figure 7.2. With the introduction of more moisture, gas pressure goes up. As layer-60
is close to the top surface, the total stress available at that level is small. Therefore,
effective stress at that depth responds even to minor changes in pressure. This could be
the reason for the clearly visible difference between the strains predicted for layer-60 by
method employed in cases 3 and 4 (compared with the insignificant difference observed
between total strains predicted for cases 3 and 4 given in Figure 7.1). On the other hand
layer-30 (Figure 7.3) which is located in the middle shows a strain variation which is very
similar to the general trend shown by the total average strain given in Figure 7.1. Hence,
for a quick estimate of the total settlement of the total profile can be accomplished by
analyzing the settlement behavior of a middle layer.
Variation of average strain of few waste layers at different depths is presented in
Figure 7.4. Initial strain increases with the depth and the slightly different slopes of the
curves suggest that they are settling at different rates.
Figure 7.2 Variation of average strain of waste layer 60.
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Figure 7.3 Variation of average strain of waste layer 30.
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Figure 7.4 Variation of average strain at different depth.
Note: layer 1 - bottom, layer 60 — top
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7.4.2 Variation of Gas Pressure
The variation of landfill gas pressure with time is shown in Figure 7.5. The magnitude of
the maximum relative landfill gas pressure observed was approximately 8 kPa. However,
because of the rather random selection of values for input variables, it is premature to
discuss the magnitude. The sudden spike in the pressure is seen in all profiles in Figure
7.5a. Occurrence of this sudden increase in gas pressure can be explained using the
timeline of movement of moisture front (Figure 7.5b).
Figure 7.5(a) Variation of gas pressure with time.
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Figure 7.5(b) Variation of gas pressure compared with movement of moisture.
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Figure 7.6 compares the pressure predicted by the model with constant moisture
profile and variable moisture profile, at nodes 2 and 51. Constant moisture profile
assumes 0.30 throughout the period of simulation, while in the other approach moisture
content change from 0.20 to 0.45. High constant moisture content in the constant
moisture simulation, leads to high gas pressure from the beginning. This prevents
comparison. This is also reflected in the pressure profile given in Figure 7.7 (compare 1-
month and 1-year pressure profiles in Figures 7.7a and 7.7b). As moisture is introduced
to the system from the top, sudden pressure increase first occurs near the top surface and
this is seen in the pressure profile given in Figure 7.7b.
Figure 7.6 Comparison of gas pressure at nodes 2 and 51.
Note: node 1 - bottom, node 61 — top
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Figure 7.7 Variation of gas pressure with depth with constant moisture profile (a) and
with variable moisture profile (b).
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7.4.3 Distribution of Moisture
Moisture variations with time and space are shown in Figures 7.8 and 7.9, respectively.
When moisture moves to a certain waste layer, it makes the waste to reach its field
capacity in a relatively short time before it moves to the next layer. This is why a sudden
increase of moisture is seen in each curve in Figure 7.8. In this simulation moisture takes
approximately 750 days to reach the field capacity of the bottom waste layer. This
duration depends not only on the waste properties but also the approach (and quantity)
used in leachate recirculation. Movement of the moisture front with time is demonstrated
in the moisture profile given in Figure 7.9.
Figure 7.8 Variation of volumetric moisture content with time.
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Figure 7.9 Variation of volumetric moisture content with depth.
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7.4.4 Variation of Density
Since this model keeps track of mass of each waste layer, variation of wet density of
waste can be easily predicted. Variation of wet densities predicted by the model (with
variable gas pressure and variable moisture incorporated) is presented in Figure 7.10.
Wet density of the waste (or landfill density) is in an approximate range of 825 to 1125
kg/m3 . It is interesting to note that the maximum density observed at the bottom of the
landfill after 25 years is within the typical range reported in the literature (Oweis and
Khera, 1986; Bleiker et al. 1993; Bleiker et al. 1995). In Figure 7.10, wet waste density
of layer-1 after 25 years is smaller than the density of layer-1. This has happened due to
the adoption of the leachate removal system (simulated) at the bottom layer (see the time
versus moisture content plot given in Figure 7.9). Final moisture content available at
layer-1 is approximately 0.39. But if the general trend of the moisture curve was
followed, it should have been 0.41. When 0.41 moisture content was used in density
computation the 25 year wet density for layer-1 is approximately 1135 kg/m 3 , which is
higher than wet 25 year wet density of layer-10.
Figure 7.10 Variation of wet waste density with time.
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7.4.5 A Typical Settlement Curve for Rapidly Degradable Waste
The total settlement curve should level off as the landfill stabilizes with time. Because of
low decay constant values selected for the above analysis, this level off feature was not
exhibited within the time period considered. A hypothetical landfill, which comprise of
65% rapidly degradable waste (assumed decay constant 0.001 days) and 35% of non-
degradable waste was analyzed. The total strain for this landfill is shown in Figure 7.11.




The purpose of this sensitivity analysis is to investigate the influence of key parameters
on the overall performance of the model. This analysis may be helpful to understand and
quantify the impact of uncertainty of input data used in the model.
Landfill permeability, decay constant, compressibility parameters, coefficient of
diffusion, and landfill temperature are the variables selected for the sensitivity analysis.
Values of these parameters were changed by a realistic amount above and below the
original value. Average total strain predicted after 1000 days was compared with the
corresponding strain value produced by such variations for the settlement model coupled
with both gas and moisture. This reference strain value was found as 38.74%. Details of
sensitivity analysis are given in Table 7.4 through 7.8 and they are briefly discussed in
the following sections.
7.5.1 Sensitivity to Landfill Permeability
Landfill permeability used in the predictions was change by ± 50% to see its contribution
to the strain. Results are shown in Table 7.4. Even though gas pressure and moisture
flow are very sensitive to landfill permeability, a significant difference was not seen in
the total strain.
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7.5.2 Sensitivity to First Order Decay Constant
Decay constants for all the waste groups were subjected to a change of ± 50% observed
difference are given in Table 7.5. Significant difference was observed.
7.5.3 Sensitivity to Compressibility Parameters
This parameter controls the whole process of mechanical compression. Laboratory
values used in the predictions were changed only by ± 10% to investigate the influence.
A very high variation was observed suggesting that this value has to be selected carefully
for accurate modeling.
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7.5.4 Sensitivity to Coefficient of Diffusion
Even though coefficient of gas diffusion is a function of several variables including
temperature and porosity of the porous material, it was made a constant to reduce the
computational complexity. Results of sensitivity analysis of diffusion coefficient are
provided in Table 7.7. Significant difference was not observed.
7.5.5 Sensitivity to Landfill Temperature
Results of the sensitivity analysis of landfill temperature is given in Table 7.8. As
viscosity of gas and water are functions of temperature, hydraulic and gas conductivities
are functions of viscosity. But a significant difference was not observed.
CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS
8.1 Summary and Conclusions
A comprehensive mathematical model was developed to predict settlements in biocell
landfills coupling generation and dissipation of landfill gas and distribution of moisture.
The major mechanisms of waste settlement were identified as mechanical
compression and biodegradation-induced strain. Mechanical compression was modeled
with the help of laboratory simulations. In the absence of a proper theoretical
explanation, laboratory simulations are perhaps the best possible alternative to study the
mechanical compression of waste.
To model the settlements due to biodegradation, it was assumed that waste
degradation obeys the first order kinetic equation. A phase diagram was introduced to
define masses and volumes of each phase. Waste comprises material, which may range
from highly degradable to non-degradable solids. Therefore, the use of average material
properties could be misleading and also could produce erroneous results. In order to
better represent the problem, solid phase was further subdivided into four groups based
on the rate of degradability.
To simulate the actual landfill settlement behavior, gas generation and dissipation
and moisture distribution were coupled to the settlement. A governing equation was
derived to link gas pressure with the varying landfill volume. Richards equation was
used to model the moisture movement in the waste mass.
Compaction and compressibility characteristics of solids waste were studied using
laboratory compaction and compression tests. A synthetic waste was designed for the
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testing purposes based on a typical North American waste composition (USEPA, 1997).
The specific gravity of the simulated waste was found to be approximately 1.65. It was
found that this waste can be compacted to a maximum dry density of 525 kg/m 3 at 60%
water content (gravirnetric). This waste also showed a linear stress—strain relationship
when logarithmic stress values were used. Unloading followed a shallower, yet another
constant slope. These slopes were defined as compression ratio and swell ratio
(compressibility parameters of waste). Values of these parameters for fresh waste
(simulated waste, which simulated fresh conditions) were found as 0.205 and 0.069,
respectively. Based on laboratory experiments, it was also found that the compressibility
of waste could decrease with time. Since model results were very sensitive to
compressibility parameters, different values were used depending on the state of
biodegradation (or age).
A computer model was developed to numerically solve the equations and to
predict the settlements using MATLAB. In the absence of a complete set of data, the
model was verified for its performance in settlement predictions and gas pressure
predictions separately. When the settlement component of the model was tested
assuming a constant moisture profile and atmospheric pressure, a satisfactory agreement
was observed between modeling results and field observations. Gas pressure part of the
model was also tested with a constant moisture profile. Although the agreement between
predicted and measured pressure values was not as good as the settlement part, results
were satisfactory as far as the trend and the magnitudes are concerned.
Settlement of the City of Calgary Biocell was then predicted using assumed
model parameters. Four cases were considered in the settlement analysis: case 1- constant
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pressure and moisture profiles; case 2 - variable pressure and constant moisture profiles;
case 3 - constant pressure and variable moisture profiles; case 4 - variable pressure and
moisture profiles. Settlement profiles generated by all four cases were compared. The
model predicts higher strain values, when moisture as well as gas pressure are
incorporated in to the simulation. Therefore, it was concluded that modeling settlement
without taking gas pressure and moisture into account, could underestimate the total
settlement.
Time dependent variation of landfill density was a bonus of the modeling effort.
The density values predicted for 25 years are well above 1000 kg/m3 and matched with
those reported in literature.
8.2 Recommendations for Future Research
As modeling of settlement with variable gas and moisture profiles is conceptually new,
and has a huge potential for future research. As indicated by the sensitivity analysis,
compressibility parameters play a vital role in predicting settlements, yet the current
model depends totally on the values of the parameters those were estimated using
`simulated' waste. Compressibility of waste has to be investigated extensively using real
waste. Aging of waste is very hard to simulate using simulated waste. Therefore,
variation of compressibility parameters has to be well established using laboratory tests
of different scales.
Estimation of biodegradation-induced settlements depends on a single bold
assumption, which states that waste obeys first order kinetic equation. This has neither
been proved nor denied. Even if it was correct, it has to be well defined based on a
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carbon balance. Unavailability of proper decay constants is another challenge at the
moment. A theatrical value can be computed assuming first order decay equation and
using time taken for half-life. But it does not guarantee any degradation if other
conditions such as moisture, pH and availability nutrients are not satisfied. If the other
variables cannot be linked to decay, at least a term, which defines efficiency of
degradation has to be introduced.
Since introduction of variable gas pressure and moisture is new, in the current
version of the proposed model both of these variables appear in a loose form. The model
uses few theoretical assumptions in estimating gas generation. For simplicity, this model
only considers a single gas component. Hence, no opportunity is given to represent
characteristics of different landfill gases and their interactions. To be realistic this
framework has to be equipped with multi-component gas generation and transport model.
Role of moisture is not well defined in the current version. Most probably it is the
weakest link in the model but it is one of the most influential factors determining the total
settlement as far as the current results are considered. In the current form of the model,
moisture does not engage in any of the activities other than restricting gas flow. This has
to be replaced with an efficient water balance technique, which consider of leachate
generation.
In the current version of the model, rate of construction was not considered. To
indicate effects of staged construction (three lifts) on total settlement, first 50 days and
second 50 days were modeled separately to include in the total settlement profile.
Therefore, the computational framework has to be modified to accommodate either the
rate of construction or delay in construction between two consecutive lifts.
APPENDIX
COMPUTER PROGRAM
The computer program developed using MATLAB to solve the numerical equations is











% Pr(1:n+1,t+1)=Pr_i/1000; % used when the program runs with atm. pressure
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